The aim of this study was to confirm the precision of our simple and inexpensive jaw tracking system which combined the use of a digital camcorder and a motion capture software developed lately. A marker was attached to the mandibular incisors of the subject, and a mirror was assembled beside the subject's face to detect antero-posterior movement during chewing. Jaw movements, including the mirror images, were recorded by a digital camcorder.
INTRODUCTION
Jaw movement recording is an exclusive method of evaluating maxillofacial functions in all fields of dentistry.
Available on the market are many recording systems that can measure the jaw movement with high accuracy, thereby providing much detailed, useful information1-5) . However, they are expensive and difficult to operate for daily use because of their complicated mechanisms such as the magnetometric sensor1-3) and multiple charge-coupled device (CCD) cameras4 '5) . Therefore, measurement of patients' jaw movements is rarely performed except at special clinics such as university hospitals.
Furthermore, natural jaw movement might be disturbed because of the wearing of complicated devices.
Recently, advanced prosthodontic treatment methods which require delicate adjustment, such as implants and all-ceramic restorations, have been widely used in general practice6-8). The measurement of patients' jaw movements before and after treatment, and the functional evaluation of prostheses, are expected for good prognosis and follow-up explanation to patients.
For instance, for edentulous patients with implant bridges, it is necessary to assess the occlusal plane of their provisional restorations. Therefore, it is highly desirable to develop a simple and inexpensive jaw tracking system, especially for general dental clinics9 '10 Against this background, we developed a simple and cheap jaw tracking system which combined the use of a home digital camcorder and a motion capture software.
The developed system was inexpensive and easy to operate for both the patient and the operator because it required no special equipment.
As for the motion capture software run on a personal computer, it captured video data through precise, continuous, and automatic detection of the movements of point markers.
As a matter of fact, many fields require this ability to analyze movements11, 2) In general, at least two cameras are required to record three-dimensional movement. This is one of the reasons why conventional systems with CCD cameras are expensive and complicated.
In contrast, the system that we developed was expected to be similar to the one developed by Manfred et al. 13 ) , whereby antero-posterior movement -detected using a mirror -was recorded with a camcorder installed in front of the subject. In a previous study14), it was confirmed that the system, which used a mirror assembled beside the subject's face, had as high an accuracy in recording jaw border movement and maximum jaw opening as the conventional system1-3) However, the evaluation was only for slow movements, not fast movements.
The aim of this study, therefore, was to examine whether the system had sufficient precision to measure fast and dynamic jaw movements, such as gum-chewing movement, ,jaw pared with a conventional jaw tracking system by regression analysis. sensor -was used as the gold standard, for SGG/ASIII has been used in many studies and clinical reports1-3).
Five residents (four male and one female, average 26.2 years) of our university hospital were randomly selected, were informed of the purpose of the study and consented to be subjects.Their masticatory movement on a specified side were recorded by both systems simultaneously, and then compared.
Recording system
The subject sat in a chair with a headrest, and a home digital camcorder (DCR-TRV900, SONY, Tokyo, Japan) was placed on a tripod in front of the subject (Fig. 1 ). To detect jaw movement, an incisal marker made of acrylic resin and 10-mm diameter paper circle was attached to the mandibular incisors of the subject by solid wires, acrylic resin, and adhesive ( Fig. 2 ). To detect antero-posterior movement by the digital camcorder, a mirror was assembled beside the subject's face by a solid frame.
Angle between the mirror and the optical axis was set at 30 degrees by a precise protractor.
The subject was equipped with glasses with three markers, which were the same as the incisal marker, in order to correct head movement.
Recorded data were transferred to a personal computer through an IEEE 1394 terminal (a high-speed serial bus for personal computers) Fig. 1 View of the measurement method. A digital camcorder was placed on a tripod in front of the subject, and a mirror was assembled beside the subject's face by a solid frame. and stored.
Movements of the markers were traced by a 2D motion capture software (Image Tracker PTV, Digimo, Osaka, Japan) and translated into 3D data using an original software.
Details of the system and theory are provided in a previous paper14).
Measurement of the masticatory movements
Chewing gum (Freezone, Lotte, Tokyo, Japan) was used as the test food. Jaw movements were measured for 10 continuous chewing cycles, and masticatory movements performed on the right-hand or left-hand side were recorded by both the newly developed system and SGG/ASIII simultaneously.
In this experiment, the incisal marker for the present system was fixed to a magnet and attached to the mandibular incisal teeth to facilitate measurement by SGG/ASIII.
Comparison between the present system and the conventional system First, comparison of the figures of the measured trajectories between the two systems was performed. Pattern analysis, which evaluates the form of measured movements, has been applied to the clinical assessment of masticatory movements2,3,15 On one hand, it was necessary to objectively evaluate if the trajectory forms measured by this system were similar to those measured by the conventional system. On the other hand, it was difficult to compare the three-dimensional movement trajectories directly. As such, simple regression analyses were performed for each measured coordinate (x: transverse direction, y: vertical direction, z: antero-posterior direction) to evaluate the correlation between the trajectories recorded by both systems.
A scatter chart, which set the value measured by this system as the criterion variable on the vertical axis and that by SGG/ASIII as the explanatory variable on the horizontal axis, was drawn. The coefficient of determination, R2, was calculated to appreciate the degree to which both trajectories had a similar form; regression coefficient (B1, which was the inclination of a regression line, was calculated to appreciate the difference between the absolute coordinates of a measured value.
Data for five seconds elapsing the maximum jaw opening of the first cycle of masticatory movements (when the y coordinate showed the maximum value) was used for comparison.
Data acquisition frequency of this system was 30 Hz, which was different from that of SGG/ASIII at 100 Hz. Since the sampling frequencies were different, the data measured with both systems were thinned out to 10 Hz. Regression analysis was then performed in the vertical direction (y coordinates) , horizontal direction (x coordinates) , and antero-posterior direction (z coordinates) ( Fig.  3 ). 
RESULTS
Comparison of trajectory forms obtained from the two systems Trajectories during mastification on the right-hand side recorded from Subject 1 are shown in Fig. 4 . The trajectories obtained from the present system were similar to those of SGG/ASIII. For example, the characteristic whereby the incisors moved only on the right-hand side at the first time of jaw opening in the frontal and horizontal views could be observed using both systems.
To compare each corresponding trajectory, the trajectories were overlapped (Fig. 5 ) . The trajectories of the present system (red curves) overlapped appreciably with those of SGG/ASIII (blue curves) . In Cycle 1, a crossed trajectory at jaw opening and closing were detected in both systems (Fig. 5, Cycle 1, A, B ) . Fig. 6 shows the measurement results of Subject 2. The characteristic whereby the incisors did not move to the non-working side (right-hand side) at all was also observed in SGG/ASIII. However, when trajectories in each cycle were overlapped, they were different from each other in the coordinates (Fig. 7 , Cycle 2, A, B) . Table 1 shows the regression analysis results of both systems, in terms of coefficient of determination R2 and regression B1.
Regression analysis between the two systems
Although R2 showed 0.9 or higher values in each coordinate system in all measurements, B1 varied widely with a minimum value of 0.73 and a maximum value of 1.39. For mastification on the right-hand side, where the trajectories of both systems overlapped appreciably in Subject 1, B1 became about 1.00 with a high coefficient of determination.
On the other hand, for the left-hand side mastification of Subject 2, where the absolute coordinates from the two systems differed greatly, B1 assumed the values of 0.73 and 1.24 in the x and z coordinates respectively, which were far from 1.00. However, also in this measurement, the coefficient of determination R2 showed 0.9 or higher values. 
DISCUSSION
The trajectories of three-dimensional incisal movements during mastification recorded by the present simple system were similar to those recorded by a conventional system.
Upon careful observation, differences were seen in the absolute coordinates of the measured values. For the evaluation of masticatory movement, pattern analysis of the course of the incisal point has been conducted for many years2 '3,15) To compare the form and characteristics of this system with an existing system, regression analysis was applied according to the coordinate axes.
In all measurement axes (x, y, and z , R2 showed a very high value but not necessarily so for j31. In fact, the latter had values far from 1.00, ranging from 0.73 to 1.24. The reason is considered to be as follows.
It is reported that when measurement is done with a magnetic sensor, space distortion would occur. In a previous study, it was shown that with SGG/ ASIII, shortening up to a maximum of 10% could occur for 15-mm movements1) . Although the distortion can be corrected by the software, the correction is not sufficient at the time of maximum opening. On the other hand, the incisor marker of this system was positioned forward by about 15 mm to avoid disturbance by lip movement.
Therefore, especially at the time of maximum jaw opening when the mandibule rotated greatly, the incisal marker would be located lower than the magnet of SGG/ASIII.
In a pilot study, about 40% of the data sets for regression analysis were data acquired during the stationary phase at the intercuspal position.
In addition, the regression analysis results hardly changed, except for the data during the stationary phase. In the present study, we used the complete suite of data sets including the stationary phase for regression analysis.
The glasses for correcting head movement were not fixed to the subject's head.
Nonetheless, we found that the effect of head movement was reduced to 1/10, in a pilot study. As for this study, the trajectories of masticatory movement started from and ended at the zero point, suggesting that the correction was effective.
In this study, 1/3 of the measured data by the present system were compared with data measured by the conventional system. They corresponded with high accuracy.
It is thus expected that the remaining 2/3 of the measured data would correspond likewise too. Therefore, at 30 Hz, result measured with the present system would be expected to be equal with that measured by SGG/ASIII. Nonetheless, if a camera with higher sampling rate were used, it is possible to measure the data at a higher sampling rate.
In this system, the weight of the equipment attached to the mandibular incisors was approximately 1 g. It was as lightweight as that of SGG/ASIII, and far lighter than TRIMET (JKN-1, Tokyo Shizaisya, Tokyo, Japan) (55 g) , the gnatho hexisa graph (JM-1000T, GC, Tokyo, Japan) (12 g), and ARCUS Digma (Kayo, Biberach, Germany) (22 g) . Further, it did not disturb or constrain natural jaw movement.
It was also not necessary to use special equipment for the head except the simple glasses, and little time and effort were required for both the patient and the operator.
This system did not need exclusive-use equipment and could record three-dimensional movement with only one digital camcorder.
Since exclusive-use software is required only for data analysis, it would be possible then for the data collection of jaw movement to be performed at general clinics, and data processing to be performed in specialized agencies such as university hospitals.
From an industrial point of view, if a technical data center to analyze the data is available, our system will require only a digital camcorder and marker devices to assess jaw movement in general clinics. The data can be transmitted to the central office, and the analyzed results returned to the general clinic through a network.
In this way, measurement of jaw movement will become very simple and easy. Measurement using this system took a total of 1-2 hours, starting from device arrangement to the completion of analysis.
However, the time needed for measurement in the chair was only 10-20 minutes. Furthermore, the time required for data analysis depends on the processing speed of the PC, and will thus be shortened with improvement in PC speed. As mentioned above, the current problems with this system are expected to be solved progressively with progress in computer technology. CONCLUSION Within the limitations of this study, it was confirmed that a novel jaw movement recording system using a single home digital camcorder and motion capture software -which we have developed -could measure chewing movement with an accuracy comparable to that of a conventional system. In particular for general dental clinics, the proposed system will prove to be useful for prosthodontic diagnosis.
